Objective: Mutations in leucine-rich repeat kinase 2 (LRRK2) pose a significant genetic risk in familial and sporadic Parkinson's disease (PD). R1441 mutation (R1441G/C) in its GTPase domain is found in familial PD. How LRRK2 interacts with synaptic proteins, and its role in dopamine (DA) homeostasis and synaptic vesicle recycling remain unclear. Methods: To explore the pathogenic effects of LRRK2 R1441G mutation on nigrostriatal synaptic nerve terminals and locomotor activity, we generated C57BL/6N mice with homozygous LRRK2 R1441G knockin (KI) mutation, and examined for early changes in nigrostriatal region, striatal synaptosomal [ 3 H]-DA uptake and locomotor activity after reserpine-induced DA depletion. Results: Under normal conditions, mutant mice showed no differences, (1) in amount and morphology of nigrostriatal DA neurons and neurites, (2) tyrosine hydroxylase (TH), DA uptake transporter (DAT), vesicular monoamine transporter-2 (VMAT2) expression in striatum, (3) COX IV, LC3B, Beclin-1 expression in midbrain, (4) LRRK2 expression in total cell lysate from whole brain, (5) a-synuclein, ubiquitin, and tau protein immunostaining in midbrain, (6) locomotor activity, compared to wild-type controls. However, after a single intraperitoneal reserpine dose, striatal synaptosomes from young 3-month-old mutant mice demonstrated significantly lower DA uptake with impaired locomotor activity and significantly slower recovery from the effects of reserpine. Interpretation: Although no abnormal phenotype was observed in mutant LRRK2 R1441G mice, the KI mutation increases vulnerability to reserpine-induced striatal DA depletion and perturbed DA homeostasis resulting in presynaptic dysfunction and locomotor deficits with impaired recovery from reserpine. This subtle nigrostriatal synaptic vulnerability may reflect one of the earliest pathogenic processes in LRRK2-associated PD.
Introduction
Parkinson's disease (PD) is the second most common neurodegenerative disease, characterized clinically by bradykinesia, rigidity, resting tremor, and pathologically by an irreversible loss of dopaminergic (DA) neurons in substantia nigra pars compacta (SNpc). The underlying mechanism of DA neuronal loss remains unclear but there is evidence to indicate that striatal presynaptic dysfunction associated with defective DA uptake and turnover is observed in patients at the early stages of PD. [1] [2] [3] DA reuptake and sequestration into synaptic vesicles at striatal nerve terminals facilitate tonically active DA release. 4 Perturbation of DA recycling impairing intracellular DA content and synaptic plasticity has been previously observed in experimental mouse models carrying specific gene mutation associated with familial PD. [5] [6] [7] Most cases of PD occur sporadically and are idiopathic, but causal or predisposing genes have been identified in familial cases. 8 Leucine-rich repeat kinase 2 (LRRK2) mutations pose the commonest genetic risk in both familial and sporadic PD. 9, 10 Three variants of single amino acid This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
substitution at R1441 residue (R1441G/C/H) of LRRK2 in the highly conserved GTPase domain have been described.
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Of these, R1441G substitution is one of the commonest mutations in LRRK2-associated PD, 12, 13 and has been found in over 13% of Spanish cases from the Basque region. 14 LRRK2 is involved in diverse neuronal functions 15, 16 and is highly expressed in striatum enriched with DA nerve terminals where its expression level is even higher than that in SNpc which contains their DA cell bodies. 17 LRRK2 interacts with various synaptic proteins. 18, 19 Its mutations cause abnormal synaptic dopamine neurotransmission in both LRRK2 knockin and transgenic animal models. [20] [21] [22] Increased DA turnover was observed in human asymptomatic LRRK2 mutation carriers, 23 indicating that perturbation of DA homeostasis may be one of the early events associated with pathogenic LRRK2 mutation. However, how LRRK2 R1441G mutation affects synaptic DA homeostasis remains unclear. We hypothesize that LRRK2 plays a regulatory role in presynaptic terminals by modulating DA recycling processes, and such synaptic dysfunction associated with R1441G mutation contributes to the degeneration of nigrostriatal dopaminergic neurons and motor deficits in PD.
Here, we generated homozygous LRRK2 R1441G knockin (KI/KI) mice to examine for potential pathophysiological changes in the dopaminergic nigrostriatal pathway. We also explored the susceptibility of our young LRRK2 mutant mice to striatal DA depletion and impaired DA recycling after a single dose of intraperitoneal reserpine, a reversible inhibitor of the vesicular monoamine transporter-2 (VMAT2).
Materials and Methods

Generation of LRRK2
R1441G knockin mouse A targeting cassette spanning exons 28-32 was constructed based on a BAC clone of wild-type mouse Lrrk2 gene (bMQ406i17). A point mutation (c. 4321C>G) was created by mutagenesis, and a neomycin resistance cassette (Neo) flanked by two FRT sites was inserted for positive selection. The targeting cassette was electroporated into mouse embryonic stem (ES) cells (129/S6), and the colonies with the correct homologous recombination were selected by neomycin and verified by Southern blot. The targeting cassette introduced two NcoI restriction sites. Thus, NcoI digestion resulted in fragments with different lengths for wild-type and targeted alleles. These were detected by two external probes (Fig. 1A) . Positive ES cell colonies with one copy of correctly targeted allele were injected into blastocysts (C57BL/6N) to obtain chimeric mice. 
Locomotor activity test
Locomotor activity of mice was monitored using openfield tests. 24 Briefly, the mice were allowed to acclimatize in the behavioral testing room 3 days before the tests. The locomotor recording was started immediately after the mice were placed in the center of the plastic arena (26 9 26 9 40 cm) of the test chamber adapted under dim light. The mice were allowed to move freely and tracked for 60 min (EthoVision3.0, Noldus Information Technology, Wageningen, the Netherlands). The tests were applied similarly to all the parallel groups. Movement duration and distance moved of each mouse was recorded 2 days prior to and 1 day after reserpine (Sigma-Aldrich, St. Louis, MO) [1 mg/kg, intraperitoneal (i.p.)] treatment. Recovery from reserpine treatment was monitored for up to 14 days after injection.
Histology
For morphological examination of nigrostriatal neural network, mice were perfused with cold PBS followed by 4% PFA under anesthesia. Whole brain was removed and postfixed in 4% PFA at 4°C overnight. After dehydration by exposure to serial dilutions of ethanol, the brain was cleared by xylene before paraffin infiltration. Coronal sections (10 lm thick) were cut through the midbrain (including substantia nigra) or striatum and horizontal sections (10 lm thick) through the cerebellum. For immunohistochemistry, endogenous peroxidase activity was blocked by 3% H 2 O 2 . After blocking with TBS containing 5% normal serum and 5% BSA for 1 h at room temperature, sections were incubated with primary antibody at 4°C overnight and then a secondary antibody conjugated to HRP. The resultant color development of DAB was monitored under the microscope. 25 Stained slides were dehydrated, cleared by xylene, and mounted with Histomount (Invitrogen, Carlsbad, CA). The primary antibodies were: anti-DAT (1:50, Santa-Cruz Biotechnology #sc-32258), anti-TH (1:500, Millipore #AB318), anti-a-synuclein (1:200, Cell Signaling #4179), anti-tau46 (1:400, Cell Signaling #4019), anti-ubiquitin (1:400, Cell Signaling #3933). Dopaminergic neuronal cell bodies from five consecutive sections stained with TH at the comparable SNpc region from three individual mice in each group were counted under blinded conditions by two different researchers independently. Striatal density was assessed using ImageJ software 26, 27 (http://rsbweb.nih.gov/ij/plugins/track/track.html) to measure TH staining density at the comparable striatal region from four consecutive sections taken from three individual mice in each group.
Western blot
Striatum and midbrain were dissected and homogenized in cold lysis buffer containing: 50 mmol/L Tris-Cl, pH 7.4, 150 mmol/L NaCl, 1% sodium deoxycholate, 1 mmol/L EDTA, 1% Triton X-100, 1 mmol/L phenylmethylsulfonyl fluoride, supplemented with protease inhibitor cocktail. Lysates were clarified by centrifugation at 4°C for 15 min at 13,500 g. Protein concentration was determined by the Bradford assay. Equal amounts of protein were boiled for 10 min at 95°C in sample buffer containing: 62.5 mmol/L Tris, pH 6.8, 100 mmol/L DTT, 2% SDS, 10% glycerol, and 0.002% bromophenol blue. Samples were electrophoresed in 12% SDS-polyacrylamide gels and transferred onto nitrocellulose membranes. Resulting blot were blocked with 5% nonfat skimmed 
Statistics
Statistical analyses were carried out using the Prism (GraphPad Software Inc., San Diego, CA). Data are expressed as mean AE standard error mean (SEM). The number of animals and independent experiments are indicated in the figure legends. Student's t-test was used to compare levels of protein expression among groups. Two-way ANOVA with post hoc Bonferroni multiple comparison tests were used to compare [ 3 H]-DA uptake and locomotor activity in the open-field tests. Differences between groups were considered significant at P < 0.05.
Results
Generation of the LRRK2 R1441G knockin (KI) mouse
We generated homozygous LRRK2 R1441G KI mice carrying a point mutation in exon 31 (c. (Fig. 1A) . The presence of mutant murine genomic DNA was verified by Southern blot, genotyping, and sequencing (Fig. 1B) . The mutant LRRK2 expression is controlled by its endogenous promoter (Fig. 1A) . Expression of mutant LRRK2 protein in KI/KI mouse brain was similar to wildtype protein in WT/WT control mouse brain (Fig. 1C ).
Striatum and SNpc were morphologically normal in aged mutant mice
There was no apparent phenotypic difference in KI/KI mice as compared with WT/WT. They were fertile and had normal body weight, brain size, and locomotor activity (Figs 4 and S2) . Histological examination revealed similar levels of TH and DAT in SNpc and striatum at 3 months and 18-22 months ( Fig. 2A and B; Fig. S3 ). There were no significant differences in number of TH + DA neurons in SNpc and TH staining intensity in striatum (KI/KI vs. WT/WT mice at 18-22 months - Fig. 2C ). The two independent methods -counting total TH + cells in SNpc and striatal neurite density gave consistent results, showing no significant difference in the neuronal numbers and neurite density in KI/KI and WT/WT mice, consistent with our Western blot results on TH protein expression. Similarly, glycosylated and nonglycosylated DAT had comparable expression levels in KI/KI and WT/WT in both striatum and midbrain at age 18 months (Fig. 2D) .
No apparent difference in degree of protein aggregation in aged mutant mice midbrain compared with wild-type controls Histological studies revealed similar ubiquitin and tau expression in midbrain, and a-synuclein in midbrain and cerebellum at 18-22 months (Fig. 3A) . These three proteins had comparable expression levels in KI/KI and WT/ WT in midbrain at age 18 months (Western blot; 3A ). There were no differences in expression levels of COX IV (mitochondrial marker), LC3B and Beclin-1 (autophagy markers) between KI/KI and WT/WT young mice (Fig. S4 ) and aging mice (Fig. 3B) .
Mutant mice were more susceptible to reserpine-induced locomotor deficits, and recovered slower LRRK2 KI/KI mice demonstrated similar locomotor activity as WT/WT at age of 3 and 12 months. Older mice had less distance moved and slower velocity in both WT/ WT and KI/KI groups (P < 0.05; Fig. 4 ), but such decrease did not involve a significant interacting effect between genotype (i.e. R1441G) and aging.
Reserpine (1 mg/kg, i.p.) significantly decreased locomotor activity in both 3-month-old WT/WT and KI/KI mice (distance moved; velocity; movement duration: all P < 0.05; N = 8) at 2 days posttreatment, (Fig. 5) . However, compared to WT/WT mice, mutant mice exhibited a significantly greater decrease in these locomotor parameters after reserpine injection (WT/WT vs. KI/KI; all P < 0.05; Fig. 5 ). Both WT/WT and KI/KI started to recover from their locomotor deficits after day 2 post reserpine. For WT/ WT mice, the locomotor parameters recovered to pretreatment levels by day 14 post reserpine. However, KI/KI mice had consistently lower locomotor activity at all three time points (i.e., day 2, 7, and 14 post-reserpine), as compared with WT/WT controls (all P < 0.05; Fig. 5 ).
Young mutant mice exhibited more severe reduction in striatal synaptosomal DA uptake than wild-type controls after reserpine treatment
Total [
3 H]-DA uptake was performed in striatal synaptosomal isolates extracted from both 3 and 18 months old mice. Both WT/WT and KI/KI synaptosomes had similar levels of DA uptake at their corresponding ages (Fig. 6A) . Similar to the locomotor activity, there was no significant interacting effect between genotype (i.e. R1441G) and aging on [ 3 H]-DA uptake between 3 and 18 month-old mice (Fig. 6A) .
Following reserpine treatment, [ 3 H]-DA uptake into striatal synaptosomes (50 nmol/L reserpine) was significantly lower (-12%) in isolates from KI/KI mice compared with WT/WT even at age 3 months (WT/WT: 6583 AE 283 cpm; KI/KI: 5786 AE 157 cpm; N = 10; P < 0.05; Fig. 6B) . A dose-dependent decrease in DA uptake was observed with reserpine treatment, but the difference in DA uptake between KI/KI and WT/WT became insignificant at the excessive dose of 500 nmol/ L (Fig. 6B) . Using two-way ANOVA analysis, the mutant genotype (P < 0.01) and reserpine (P < 0.01) were independently associated with reduction in DA uptake. Striatal DAT and VMAT2 protein expression, which may affect total synaptosomal DA uptake, were similar between KI/KI and WT/WT mice ( Figs 2D, 6C ).
Discussion
We describe here a mutant LRRK2 R1441G KI/KI mouse expressing physiological levels of the variant protein. Unlike mice overexpressing mutant LRRK2 which showed obvious parkinsonian phenotype, 31,32 LRRK2 R1441G KI/KI mutation had no apparent abnormal phenotype, or abnormal parameters in dopaminergic function and protein aggregation even in aged mice (Figs 3, 4, 6A) . The number and morphology of DA neurons were similar between KI/KI and WT/WT in aged mice up to 22 months (Fig. 2) . This is in contrast to the LRRK2 R1441G transgenic mouse which showed severe loss of DA dendrites and morphological abnormalities of DA neurons in SNpc at 9-10 month of age, age-dependent motor deficits, and decreased spontaneous DA release. 32 Nevertheless, the R1441G mutant protein in our mutant mice is expressed at physiological level comparable to the WT protein, and we demonstrated that these mutant KI/ KI mice were more susceptible to synaptic DA depletion and motor deficits associated with impaired DA uptake induced by reserpine. We believe that the KI/KI mice more closely mimic the disease condition in humans.
Reserpine produces behavioral deficits resembling PD motor symptoms 33 through its catecholamine-depleting effects on nerve terminals. 34 It inhibits vesicular monoamine demonstrated more severe impairment in locomotor activity compared to that of WT/WT at 3 months of age. Both mutant and control mice recovered after treatment, and KI/KI mice recovered much more slowly than WT/WT mice. *P < 0.05; **P < 0.01; ***P < 0.001; two-way ANOVA with post hoc Bonferroni multiple comparison tests; N = 8; mean AE SEM.
transferase-2 (VMAT2) and blocks sequestration of cytosolic DA into synaptic vesicles. With reserpine (50 nmol/ L), [ 3 H]-DA uptake was significantly reduced in young KI/KI striatal synaptosomes (Fig. 6B) . This was not due to expression level of DAT or VMAT2 as their protein expression was not altered in striatum (Fig. 2D, 6C) . The higher dose of reserpine (500 nmol/L) caused an even greater reduction in synaptosomal DA uptake. However, the difference in [ 3 H]-DA uptake between KI/KI and WT/ WT mice was not statistically significant (Fig. 6B) because the toxic effects of high dose reserpine probably overwhelmed the effects of the LRRK2 mutation on DA uptake. Extracellular [ 3 H]-DA uptake through DAT into synaptosomes is suppressed by abnormally high cytosolic DA concentration induced by reserpine. 35 High concentrations of cytosolic DA can reduce DAT function in vitro. 36 The significantly decreased [ 3 H]-DA uptake in reserpinetreated KI/KI striatal synaptosomes (Fig. 6B) indicates that LRRK2 R1441G mutation potentiates DA depletion in striatum by suppressing uptake of extracellular DA in mutant presynaptic terminals. The significantly reduced locomotor activity in young KI/KI mice after reserpine (Fig. 5) indicates that these mutant mice are more sensitive to perturbed DA homeostasis by reserpine than WT/ WT. Furthermore, these young mutant mice recovered significantly slower in terms of their locomotor activity suggesting that they are more vulnerable to further stress on their DA uptake system, compared to WT/WT mice which recovered back to baseline levels within 2 weeks. The functional deficits in locomotor activity and synaptosomal DA uptake in these young mutant mice which recovered slower after a single stressor event on DA uptake may have important pathogenic implications in terms of adverse cumulative effects over their lifespan.
Despite the apparent lack of abnormal phenotype in our mutant mice, our results show that a functional susceptibility can still exist. This is illustrated in asymptomatic human LRRK2 mutation carriers who have abnormal putaminal DA turnover shown using positron emission tomography neuroimaging techniques. 23 Similarly, DA neurons and locomotor activity appeared normal in LRRK2 R1441C KI mice, but they had impaired DA neurotransmission. 20 The higher susceptibility to reserpine in our KI/KI mice indicates very early striatal synaptic dysfunction before any structural abnormalities could possibly be observed. Our results implicate the notion that the pathogenic process in PD starts from dysfunction of striatal nerve terminals proceeding in a retrograde dying-back process [37] [38] [39] rather than a compensatory mechanism to counteract early dopaminergic neuronal loss, 40 because there was no significant striatal neuronal loss observed even in our aged mutant mice. How presynaptic defects and abnormal DA homeostasis lead to neuronal cell death associated with LRRK2 mutations require further investigations. 
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